The present work focuses on the study, design and validation of a variable-span morphing wing to be fitted to a mini UAV. An in-house aerodynamic shape optimization code, which uses a viscous two-dimensional panel method formulation coupled with a non-linear lifting-line algorithm or a non-linear VLM algorithm and a sequential quadratic programming optimization routine, is used to solve a drag minimization problem to determine the optimal values of wing span for the whole vehicle's flight speed envelope while subject to geometric constraints. A simple weight representation model based on empirical data obtained from a wing prototype was used to estimate the variable-span wing weight. The UAV flies in the speed range 12m/s to 35m/s. Near its maximum speed it is possible to obtain a 20% wing drag reduction with the variable-span wing in comparison with the original fixed wing. An analysis is also performed to estimate the roll rate available with asymmetric span control showing that the variable-span wing matches the aileron in terms of roll power. An electro-mechanical actuation mechanism is developed using an aluminum rack and pinion system. The wing model is designed with the help of graphical CAD/CAM tools and then a full scale model is built for bench preliminary testing the wing/actuator system. Keywords: aircraft design optimization; morphing; span change; telescopic wing; UAV.
Introduction
The development of morphing wing technologies for flight regime adaptation has received great interest from researchers and engineers in the past years. The design of adaptive mechanisms and structures, along with the development of smart materials that allow bio-mimetic configurations of aircraft is highly desired in the near future. The new concepts and technologies developed up to now are a constant attempt to enhance the overall flight performance of aircraft, enabling new approaches to the design of aircraft and improving multi-mission flexibility. This performance enhancement capability was clearly demonstrated by Tidwell et al. [1] . The development of unmanned air vehicles (UAV's) and its recent increased use for a wide range of applications, both military and civil, is due to its big potential to perform distinct missions without direct risk to the crew, for its deployability and also for its low production costs. The use of such vehicles to test new concepts for performance enhancement is, therefore, the most logical choice. Most morphing concepts perform changes in aircraft shape during flight and comprise the structure and the systems which perform those changes. Methods of airfoil and wing morphing include camber change [2] , variable-twist, wing sweep change, and wing span change [3] . In this work a variable-span morphing wing is designed to change its wingspan for various flight conditions in order to increase flight efficiency and/or flexibility. Several different concepts were tested in this field: from the pneumatic telescopic spars by Blondeau [4] and the inflatable wings by Cadogan [5] and Jacob [6] , to the telescopic wing servo/pulley-actuated by Vale [7] , among many others. Flight testing of a telescopic wing in a manned sailplane was conducted by the Akademische Fliegergruppe Stuttgart 1 . A different concept, a batwing morphing concept from NextGen, has also been validated in flight after wind tunnel testing [8, 9] . Blondeau explored as well the effects on UAV stability caused by asymmetric span variations [10] . Since such a wing is very structurally demanding, Bae [11] proposed an aeroelastic and aerodynamic analysis of a variable wingspan for a cruise missile. Neal went farther and built a fully adaptive model with seven degrees of freedom [3] . Many projects have been done on aircraft morphing concepts, and much work is being carried out in this area: enhanced performance and increased energy efficiency of aircraft is, nowadays, more a necessity than just an obligation. Overall system performance of such concepts is not easily grasped and therefore optimization techniques are required during the design process. During concept development, even iteration between design and experiment is important. Much work has been done on aerodynamic shape optimization of airfoils and wings and multidisciplinary design optimization of wing systems [12, 13, 2] in order to enable shape changes to improve flight performance.
Variable-Span Wing Aerodynamic Optimization
The main goal of this work is to design a wing that can perform in-flight span variations, a variable-span wing (VSW), in order to reduce wing drag at a given flight speed. The aircraft should be capable of operating in the same range of speeds as with the original wing, from about 12 m/s to 30 m/s, with similar performance at low speeds but better performance at high speed.
Aircraft Characteristics
The UAV under study is an experimental UAV developed by the Aerospace Sciences Department, at University of Beira Interior. It is a high-wing pusher aircraft, with an electric brushless motor with 750 W, and the propeller placed behind the wing and in front of the V-tail. The original wing structure is made of balsa wood ribs, a balsa wood torsion box and hard wood spars. The takeoff weight of the aircraft, W, is 60 N. The original wing has a constant chord, c, of 0.25 m across the span and a wing area, S, of 0.625 m 2 . From c and S one can calculate the wingspan, b, and the aspect ratio, A. UAV data is presented in Table 1 . The airfoil used is a SG 6042 (see Fig. 2 ), a low speed airfoil with a good compromise between maximum lift coefficient and design simplicity. The cruise speed of the aircraft is about 15 m/s, and maximum speed about 30 m/s.
Aerodynamic Shape Optimization
The in-house low speed wing optimization code described in [14] , designed for aerodynamic shape optimization of wings/airfoils subject to operational, geometric and structural constraints, is used in this work. The aerodynamic analysis is done in two steps. First, the 2-dimensional (2D) aerodynamic coefficients as functions of angle of attack (AOA) and Reynolds number (Re) at specified wing sections across the span of the wing are obtained using the solver of the XFOIL code [15] . In XFOIL, the steady Euler equations in integral form are used to represent the inviscid flow, and a compressible lag-dissipation integral method is used to represent the boundary layers and wake. The entire viscous solution (boundary layers and wake) is strongly interacted with the incompressible potential flow via the surface transpiration model which permits proper calculation of limited separation regions. Results from XFOIL have been compared against experimental data with good agreement [14] . Then, a non-linear lifting-line method [16] is used to obtain the lift distribution and the induced drag. This method can be applied to a general planar finite wing of given planform and geometric twist with different airfoil sections at different spanwise stations. Parasite drag is obtained by integrating airfoil drag over the wing span. The wing is represented by the chord and incidence at specified sections along the semi-span. Data for the lift curves and parasite drag curves of the airfoil sections, including the non-linear regime, are obtained from the airfoil aerodynamic analysis of the previous step. The numerical iterative solution for the finite wing properties are described in detail in [14] . The method implemented has been shown to compare reasonably well with experiment even near the stall [16] . Convergence of the lift distribution for a wing with the chords varying in a non-linear fashion along the span has been achieved with less than 30 semi-span airfoil stations [14] . However, in this work 100 semi-span stations were adopted to give sufficient resolution in the region where the wing chord and airfoil aerodynamic coefficients change due to the discontinuity between inner and outer wing parts. By using this aerodynamic analysis approach one assumes that the wing remains planar after loading. Alternatively, another method is used for estimating aerodynamic force distributions: a non-linear Vortex Lattice Method (VLM). The algorithm implemented is based on the steady linear VLM [17] and is coupled to an iterative decambering approach [18] . The VLM algorithm has the main advantage of consuming little computer resources and it allows various wing planform shapes and camber distributions. In this method, the thin lifting surface is divided into several spanwise and chordwise elements. Associated with each of these elements is a vortex ring. The decambering scheme allows the wing non-linear characteristics to be computed, based on the lift curves and parasite drag curves of the airfoil sections as obtained from XFOIL. Associated with each spanwise section (composed of a row of chordwise panels) are two variables, δ 1 and δ 2 . These variables are used to define the local decambering geometry. Then, an iterative procedure is carried on in order to compute the proper values for the decambering variables for each section. The aerodynamic shape optimization is carried out with the sequential quadratic programming (SQP) constrained optimization algorithm of FFSQP3.7 [19] . The purpose of the FFSQP3.7 algorithm is the minimization of an (in general nonlinear) differentiable real function subject to (in general nonlinear) inequality and equality constraints. Numerical techniques, such as FFSQP3.7, generally assume that the design space is convex, continuous, and unimodal. Because of this, numerical techniques tend to converge quickly to a local optimum close to the initial design point. Thus, the effectiveness in finding a global optimum is highly dependent on the topology of the design space and the choice of the initial design point. Nonetheless, SQP has been shown to produce good results [20, 21] . The gradients of the objective function and constraints are a requirement of any gradient-based optimization algorithm. In this work, the gradients are computed using forward finite-differences, which enables the problem of finding the gradients to be treated as a black box. Therefore it can be used with any fluid flow solver because it does not involve changes in the solver's code. The general aerodynamic shape optimization problem can be stated as
(1b) where the design variables, v, may be flight and/or geometric parameters and the equality, h(v), and inequality, g(v), constraints may be lift and/or geometric parameters.
Optimization Problem
The objective of the optimization problem is to determine the wing span that minimizes the drag, D, of the wing (at ISA -International Standard Atmosphere -conditions). This is done from the stall speed of 12m/s to the speed of 40m/s keeping lift, L, equal to the aircraft weight, W, at all speeds and subject to geometric constraints imposed by the limitations of the maximum and minimum span values. The geometric constraints imposed on the wing design were dictated by component fitting, building simplicity and mechanism functionality considerations. The variable-span wing planform geometry is illustrated in Figure 1 . This wing does not exhibit any dihedral or any sweep (the quarter chord line lies along the y-axis) and is made of one rectangular inner part (inner fixed wing -IFW) with a chord of 0.282m and a rectangular outer part (outer moving wing -OMW) with a chord of 0.25m. These dimensions were selected by keeping the outer chord with the same value as in the original wing and increasing the inner chord in such a way as to allow the inner wing airfoil to fully contain the outer wing airfoil. The maximum wing span is 2.5m, the same value as in the original wing. Taking into account fuselage dimensions and the geometric characteristics of the wing, four wing sections were defined from the root to the tip. It was decided that the most convenient solution to match the IFW airfoil to the OMW airfoil was to create an airfoil for the fixed part from a positive offset of the moving part airfoil in order to achieve the lowest possible discontinuity between wing sections. This solution would result in a small geometric conflict between airfoils, in which the trailing edge of the moving wing would intersect the lower surface of the fixed wing. Therefore, it was necessary to perform a slight modification in the original airfoil (SG6042), straightening the lower surface through a tangent from the lowest point to the trailing edge, resulting in a slightly less efficient airfoil. In the present case the airfoils were kept constant along each part of the wing. The airfoil geometries are shown in Fig. 2 . An estimate of the total weight, W, was made from the reference aircraft weight value of 60N by using an empirical method [2] for estimating wing structural weight based on its shape and size variation relative to the original wing. Extra weight was added to the wing to account for the actuation mechanism contribution. For the wing fully extended the increase in wing weight was estimated as 3.6N resulting in a takeoff aircraft weight of 63.6N. The optimization statement is shown below, for two design variables, span and AOA, where the angles are in degrees.
Minimize:
As mentioned above both lift and drag are computed in two steps: first the section lift coefficient, C l , and section drag coefficient, C d , as functions of α are obtained for all stations defined along the span for their respective Re; then, by using these curves and a non-linear lifting-line algorithm or a non-linear VLM algorithm, the local angles of attack for each station are obtained. The wing C L and C D are calculated by integrating the components of section C l and C d perpendicular and parallel to the free stream, across the span. Finally, lift and drag are obtained by multiplying their coefficients by the dynamic pressure and by the wing area. In calculating the total lift of the vehicle it was assumed that only wing and horizontal tail contribute to lift. The tail lift is calculated such that the pitching moment about the center of gravity (assumed at wing quarter chord position) is zero. The total lift is, thus, given by
where L W is the wing lift, M W is the wing pitching moment and l T (0.79m) is the tail arm. Therefore, for a negative wing pitching moment, typical of positive cambered airfoils, the wing lift must be greater than the weight to compensate for the negative tail lift. This affects not only the induced drag of the wing but also the parasite drag since it flies at a higher AOA.
Optimization Results
The results obtained by using the lifting-line method and VLM are shown in Figs 3 and 4 . It can be seen that both methods give very similar estimates, the main difference being in the AOA. In Figure 3 one can see that the VSW has better performance than the original wing only at speeds above 25.5m/s, indicating that the present design allows better performance at the higher speed end of the envelope. At 30m/s the VSW has about 10% less drag than the original one. At a speed of 40m/s the drag reduction increases drastically to 28% (Fig. 4) . At low speeds, the original wing outperforms the new wing, although presenting only slightly better results. The original wing was designed for low speeds, and near the design point it was expected to have better performance than the new wing because of the higher relative thickness ratio of the airfoil in the IFW and because of the less efficient airfoil used. Therefore, the new wing presents a slightly higher total drag at low speeds when the wing is fully extended, which is only compensated at higher speeds, when the wingspan starts to decrease. For example, one can see that above 20m/s a major span reduction takes place (see Fig. 4 ), when the new wing performance surpasses the original wing, until the minimum span is reached at a speed of 35m/s. Stall speed increased too, from 10.75m/s in original wing to 11.5m/s in the new wing. The increased weight had a major effect in the wing performance at low speeds. Fuselage drag was not considered in this study but clearly, from Fig. 3 , the smaller variation in AOA of the VSW can result in reduced fuselage pressure drag allowing further benefits in the aircraft overall drag curve. In the range 17.5m/s to 30m/s the variation in AOA of the VSW is only around 2 deg whilst that of the original wing is 4.5deg.
Roll Rate Analysis
Stability control on morphing aircraft is always a matter of paramount importance. The changes in aircraft motion due to physical modification of the structure and also the implication that in-flight large scale changes produce on stability must be taken into account. In the case of a telescopic wing, the ability to perform large variations in span rules out the possibility to have high performance roll control through conventional ailerons. However, recent research [10, 22] demonstrated that roll control by asymmetric span variation is possible. Morphing wings in general suffer from variations in lift distribution that are not present in ordinary fixed wings. In asymmetric span changes, assuming elliptic wing lift distribution, the centre of the ellipse moves along with the wing. Therefore, the lift distribution symmetry point moves in the direction of the larger semi-span ratio, i.e., in the direction of the larger span extension. For example, when the right wing extends more than the left wing, the lift distribution symmetry point will move also to the right. In this situation, this point does not coincide anymore with the longitudinal axis of the fuselage. The distance between the original aircraft centre point and the new lift distribution symmetry point is not taken into account in conventional stability derivatives expressions. The present calculation approach is able to perform this little correction on the lift distribution. Since the telescopic wing has no dihedral, no sweep and no twist, and since the tail influence is not taken into account, the stability derivatives that matter for roll moment calculation are C lp , also known as the damping-in-roll derivative, and C lδ a , which expresses roll control power. Roll control is, usually, achieved by the differential deflection of ailerons or spoilers, δ a , which modify the spanwise lift distribution creating the roll moment around the longitudinal axis. From the literature [23] one knows that simple strip integration can be obtained to estimate the roll control effectiveness of an aileron. In the present case, the lack of ailerons or spoilers in the wing led to a new approach: roll control power must be estimated in terms of span extension rather than aileron deflection. Therefore, the designation C lδ a no longer makes sense, being the new derivative designated by C ly .
Mathematical Model
In order to calculate the available roll moment, l, at each flight speed, some considerations must be made. Firstly, the lift distribution along the wing is assumed to have a perfect elliptical form. Secondly, no fuselage contribution is considered, so that only the wing is taken into account. Therefore, no losses are considered, like downwash effect and fuselage interferences: the center of gravity lateral position is assumed to lie on the symmetry plane. Considering an elliptic spanwise lift distribution whose centre is allowed to move along the y-axis (see Fig. 5 ) it can be shown that, from the ellipse characteristic expression, the new ellipse centre position is given by:
being b=b'+b''. By having z'= C l (y)c(y), where c(y) represents the wing chord as a function of the wing position, it is possible, by substituting C l in a way that the lift is always equal to the weight i.e., the ellipse area remains constant, to obtain C ly in the following form:
where S ref and b ref are the reference wing area and the reference maximum wingspan, respectively, and ρ is the air density. Considering now that the aircraft is in a steady turn with an angular velocity p, the roll moment generated around the fuselage's longitudinal axis is l. The increment in AOA from the root to the tip is given by: 
The roll rate of the variable-span wing is given by:
A minimum of 46.15º/s value for roll authority was assumed based in the literature [24] . In order to compare the roll performance between the new telescopic wing and the original wing one must estimate the roll rate exhibited by the ailerons that the original wing is fitted with. The control power and roll damping coefficients, C lδ a and
C lp aileron
, are estimated using the typical expressions from the literature [23, 25] . The roll rate of the original wing is given by: Roll rate behavior for 15m/s, 20m/s and 25m/s -the two horizontal planes refer to the minimum acceptable roll rate value: 46.15º/s -(left) and roll rate available for the original wing with ailerons for the three flight speeds (right).
Roll rate Results
The damping-in-roll coefficient results presented in Fig. 6 show that roll damping increases as wingspan increases, which is in agreement with other works [10, 22] . These results are a consequence of the conservation of angular momentum [22] . Increasing the span decreases p, the rate of roll, whereas decreasing the span tends to speed up the roll rate. One can observe from Fig. 6 that C lp in the morphing wing is inversely proportional to the flight speed.
Roll power, C ly , grows with the increase in wingspan differential. The increase in speed reduces the tendency of the aircraft to roll, as the damping increases, which is very consistent with the C lp results. Roll rate in the original wing, considering roll control by aileron deflection, shows a linear growth as deflection increases (see Fig. 7 ). The roll rate for the variable-span wing decreases with the increase in speed, contrary to what happens in a wing with ailerons. The new wing matches the aileron performance in terms of roll power, being the maximum roll rate values similar in both wings. One can conclude that the rolling control is possible with asymmetric span variations and that the variable-span wing is capable of performing steady turns.
System Design and Construction
The variable-span wing concept in the present work presents a very simple layout: a hollow wing (inner fixed wing -IFW) inside of which a smaller conventional wing slides (outer moving wing -OMW) actuated by a simple electromechanical rack and pinion mechanism.
The maximum span length was set to be the same as the original fixed wing: 2.5m. For this total span, it was estimated that both inner and outer wing parts would have a 0.625m length, and based on the experience acquired in UAV construction, that 0.1m of minimum wing overlapping would allow sufficient wing stiffness in the full extended configuration. Knowing these dimensions and fuselage width one was able to estimate the IFW and OMW length. Two sets of small ball bearings were introduced at the upper and lower surfaces to reduce friction between IFW and OMW. The overall system was drawn in a CAD/CAM tool (see Fig. 8 ).
Figure 8: Variable-span wing system render: ball bearings (left) and centre structure and mechanism details (right).
Outer Moving Wing
The design used in the movable wing is very conventional: the wing is composed of ten 2mm thick balsawood ribs, a 195g/m 2 carbon fiber/epoxy skin and a carbon circular tube spar. The main spar on the OMW is circular, an unconventional approach in the sense that, despite providing good bending strength, it is also used to align the OMW with the IFW. The spar is a 20 mm carbon fiber tube with a 1 mm thick wall. The alignment between wing parts is guaranteed by another carbon fiber tube with a smaller outer diameter (18mm) which fits in the larger tube perfectly in order to prevent any slack. Because the IFW had to be hollow, the inner tube is not connected to it. Instead, it is just fixed to the root rib and fuselage. Both tubes were sized to ensure sufficient bending stiffness. The ribs were perforated in order to attach both the circular spar and a rack-guide tube. The rack beam used to push/pull the wing is made of aluminum and has a 5mm x 9mm cross-section. It is 0.8m long, which is enough to span the wing length of 0.625m and the stroke needed of 0.525m. To prevent the wing rack from getting stuck when crossing the other wing ribs, a rack-guide tube was made from epoxy impregnated carbon fiber. This carbon fiber tube was glue-assembled at the ribs just like the circular spar. This rack system has proven to be adequate to actuate the tip wing. Fig. 9 illustrates the two wing parts.
Inner Fixed Wing
The IFW design differs from the OMW design. The need to have a hollow wing, in order to allow the OMW to slide inside it, requires a different design approach. In the OMW, the main circular spar conferred the sufficient bending stiffness while the ribs provided the correct wing shape. In the IFW the skin is required to both provide the correct shape and resist shear loads. Bending strength was achieved with an unusual main spar configuration made of spar caps embedded in the skin sandwich. The IFW was made using the positive mould used to obtain the OMW negative mould. This allowed a construction from inside out guaranteeing the smallest space between wings, to avoid slacks. From inside out, the load carrying skin was built with a layer of 90g/m 2 carbon fiber, a layer of 2mm porous PVC foam and another layer of 90g/m 2 carbon fiber. PVC foam was incorporated between the carbon fiber layers to allow embedding of the main spar and to give adequate stiffness to the skin since it has no ribs. The complete assembled skin has a 2.5mm thickness, which originated a fairly acceptable small discontinuity between wing seams in the extended span configuration. Figure 9 : Outer moving wing during construction (left) and inner fixed wing and outer moving wing at the final phase of the construction process (right).
Actuation Mechanism
The VSW actuation mechanism was designed to allow in-flight extensions and retractions of the wing, in order to perform a full-time wing span adaptation to the flight regimes. An electro-mechanical system was chosen as the most plausible way to achieve what was proposed. Several actuation mechanisms were pondered: servo motor, electric step-motor and brushless ordinary electric motor. A simple rack and pinion system actuated by a servo motor was best suited for the purpose: it is lighter and fast enough if actuated properly. Either a servo or a step-motor were suited for a rack and pinion system, which needs more torque and control precision than the leading-screw mechanism. The final decision was influenced by wing control issues. The servo can be positioned just by modulating the frequency in the radio controller. In future work, a possible development of an automatic span extension controller should be facilitated by this choice. So, more than its known affordability and reliability, was the control simplicity that led to the choice of a servo-mechanism as a means to actuate the wing. The pinion (36mm diameter) was directly linked to the second reduction stage of a commercial servo in order to perform a full 0.525m deployment in about 2 seconds, which is fairly fast for span extension. The modified servo-mechanism exhibited a torque of 0.247Nm at the actuator stage (the last reduction stage the torque was 2.06Nm). So, the modified servo can push/pull a 1.48kg mass. The actuator bay is one of the most important elements of the complete wing/actuator system. The bay was specially designed to carry the servo-actuators and maintain them in the correct position when the wing is deployed. Its shape and design was dictated by the space that the fuselage could provide and also by the need to maintain construction simplicity and functionality. It incorporates the servo-mechanisms as well as roller supports positioned to keep the contact between rack and the actuator pinion, which is made of aluminum.
Preliminary Wing Testing

Final Assembly
It was found during the assembly process that the wing set created a negative dihedral angle due to the weight of the wing when fully deployed. So, a wood support was made to attach the wing for bench testing. All parts were weighted during the assembly process. The original pair of wings that equip the UAV has a mass of 1.27kg (with original flight control system of servos and cables and the wing supporting part that attaches to the fuselage). The variable-span wing system weighs 1.80kg: 0.53kg more than the original wing, which represents 0.16kg more than the 0.37kg increment assumed in the aerodynamic optimization. This negative mass margin should be, in the future, reduced through structure and actuating system optimization and by improving the construction techniques.
Bench Testing
The bench testing aimed at evaluating the real performance of the overall system. Two simple tests were performed: (a) total force needed to perform an extension of the wing with various loadings; and (b) a structural test to simulate a wing load up to 4.5G. The extension force test revealed that the force needed to extend the wing increased with wing loading and that at 3.5G it exceeded the force available in the actuation mechanism. The wing load test was performed with sand bags producing a load distributed approximated by a constant distribution on the IFW and a triangular distribution on the OMW. The load was distributed over the wings' main spars to avoid torsion, and was carried out progressively from 1G to 4.5G (see Fig. 10 ). The test results showed an overall good performance of the wing a maximum tip deflection of 55mm for maximum load. Despite of this, the IFW's structure revealed some lack of stiffness in the airfoil contour in the interface with the OMW resulting in an increased airfoil thickness that produced some slack in the fitting of the two wing parts. This slack became more apparent with increasing load, being about 2mm at 4.5G. Figure 10 : Variable-span wing mounted on the UAV prototype (left) and wing static load test at 4.5G -12 kgf (right).
Conclusions and Future Work
Aerodynamic design optimization revealed that, at low speeds, the original wing has better performance than the variable-span wing, due to the performance reduction of the modified SG6042 airfoil, the higher relative thickness ratio of the IFW airfoil and the increased vehicle weight. However, this performance trend is inverted beyond 25.5m/s, coincident with the retraction of the OMW, reducing the wing area and consequently the total drag. Future improvements will require the use of the more suitable airfoils in both inner and outer wing elements; perhaps using different airfoils on the two wing parts: a high speed airfoil for the IFW and a low speed airfoil in the OMW, in order to enhance overall wing performance for the complete speed range.
The roll rate analysis with asymmetric wingspan control showed that the roll rate of the variable-span wing decreases with increasing speed, contrary to what happens in a conventional wing with ailerons. Therefore, the new wing becomes more stable with the increase in speed. Nonetheless, the variable-span wing surpasses, within the operational speed range, the minimum acceptable value for roll rate, from which one can conclude that it can perform steady turns with asymmetric span control, without the need of ailerons. Both deployment and wing load tests revealed satisfactory performance on the variable-span wing. However, deployment could be improved by increasing the skin stiffness at the IFW tip and decreasing the friction force between the wings. This could be achieved by adding more ball-bearings and enhancing the surface finishing.
Since this was a preliminary study on the feasibility of a variable-span wing, some future work is necessary: carry out a more detailed aerodynamic optimization involving more variables to enhance the aerodynamic performance of the wing; develop a structural model to better optimize the wing structure for low weight; and a quantify energy requirements to assess whether flight performance improvements justify the increased structural and power related weight and complexity. Flight tests are planned for functionality evaluation.
